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Abstract The replication initiator (Rep) proteins of gem- 
iniviruses perform a DNA cleavage and strand transfer reaction 
at the viral origin of replication. As a reaction intermediate, Rep 
proteins become covalently linked to the 5' end of the cleaved 
DNA. We have used tomato yellow leaf curl virus Rep protein 
for in vivo and in vitro analyses. Isolating a covalent peptide- 
nucleotide complex, we have identified the amino acid of Rep 
which mediates cleavage and links the protein to DNA. We show 
that tyrosine-103, located in a conserved sequence motif, initiates 
DNA cleavage and is the physical ink between geminivirus Rep 
protein and its origin DNA. 
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Proteins that undergo covalent linkage to DNA frequently 
do so via a tyrosine residue, as was shown for the site specific 
bacteriophage lambda integrase [29], topoisomerase I of Sac- 
charomyces cerevisiae [30] or the RepA protein of phage OX 174 
[31]. In case of the transposon encoded y~ resolvase, a serine 
residue forms the covalent link to the 5' end of the DNA at the 
cleavage site [32]. 
Two tyrosines, both located in the amino-terminal domain 
of the protein, are conserved in geminivirus Rep proteins. The 
first one is part of the sequence motif-FLTY- whose function 
is still unknown, and the second one is the central amino acid 
of a sequence that has been suggested to catalyze replication 
initiation [33] (see Fig. 1) Here we provide biochemical proof 
that the tyrosine-103 of the Rep protein tomato yellow leaf curl 
virus (TYLCV) is the active amino acid of the cleavage/joining 
reaction. 
1. Introduction 2. Materials and methods 
Geminiviruses are plant DNA viruses with a single-stranded 
circular DNA genome that is encapsidated in unique twinned 
particles [1-3]. The molecular biology of geminiviruses has been 
reviewed in [4], and details of their DNA replication were re- 
cently discussed [5]. 
Geminiviruses replicate by a rolling circle mechanism [6-8], 
initiated in the intergenic region (IR) at the nonanucleotide 
sequence TAATATTAC, universally conserved in all gem- 
iniviruses [9,10]. The protein that mediates replication i itiation 
is the Mr 41 kDa Rep protein, the sole viral protein essential 
for replication [11-13]. Rep is encoded by either one (ALl, C1) 
or two open reading frames (C1-N and C1-C), in the latter case 
it is expressed via a differentially spliced mRNA [14, 15] (see 
Fig. 1). 
Geminivirus Rep is a multifunctional protein: it is involved 
in transcriptional ctivation as well as repression of viral gene 
expression [16,17], and specific DNA recognition [18 22]. In 
addition, it has an ATP-/GTPase activity required in the repli- 
cation process [23], it stimulates expression of proliferating cell 
nuclear antigen (PCNA) [24] and may interact with a plant 
homolog of the retinoblastoma protein [25]. 
Rep protein cleaves the geminivirus origin DNA 5' of the 
penultimate nucleotide of the conserved nonamer (TAATATT/ 
AC) [2c%28]. Following cleavage, the 5' end of the DNA re- 
mains covalently bound to Rep, and after a round of replication 
a Rep-catalyzed nucleotidyl transfer eaction releases a circular 
single-stranded virus genome. 
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2.1. Construction of plasmids 
Tyrosine-103 ofTYLCV-Rep protein was mutated to phenylalanine- 
103 in the genome of TYLCV-S [34] as well as in pGEXC1 expressing 
the corresponding Rep protein [28] by PCR-based mutagenesis [35]. 
For this purpose, the mutagenic primer 5'-AAATCGAGCTCCGAC- 
GTCAAGTCCTT2307TATCGAT23o0AAGGACGG-Y was used on the 
templates pTYSstl4 [34] and pGEXC1 to change codon TA2307T (tyro- 
sine-103) to TTT (phenylalanine) yielding the virus mutant TYLCV- 
Clw03v and the expression plasmid pGEXClw03F. For analytical pur- 
poses a mutation (C23o0 to T), silent for the amino acid sequence ofRep, 
was introduced to create a ClaI restriction site. The mutations are 
underlined and the numbers refer to the coordinates of the TYLCV-S 
sequence [34]. 
2.2. Replication assay 
Wild-type TYLCV DNA and TYLCV DNA carrying the Y~03 to F]03 
exchange inthe C1 gene encoding Rep (TYLCV-C 1 vl03v) were released 
from their bacterial vector by digestion with Sstl. Transfection of pro- 
toplasts derived from N. tabacum BY2 suspension culture cells [36] and 
analyses of the replicative viral forms were carried out as described 
[37,38] 
2.3. Cleavage-joining reaction and Rep-binding to the 5" cleavage-site 
Wild-type GST-Rep was expressed from pGEXC1 and mutant GST- 
Repvl03v from pGEXClv]03F. Expression, one-step enrichment, cleav- 
age/joining of oligonucleotides and protein linkage assays to the 5' 
cleavage-site were as described in [28]. TY11/13 (5'-CGTATAATATT/ 
ACCGGATGGCCGC-3', 24 nt) and TY 39/1 (5'-GATCTTTTTTTT- 
TGGTAAAGCGGCCATCCGTATAATATTIA-3', 40 nt) TY11/12 
(5'-CGTATAATATTIACCGGATGGCCG-3', 23 nt). The site of 
cleavage within the conserved nonamer (in bold) is indicated by a slash. 
2.4. Cleavage substrate mix 
76 pmoles of oligonucleotide TY 39/0 (same sequence as TY39/1 but 
lacking the cleavable A at the 3' end: 5'-GATCTTTTTTTTTGGTA- 
AAGCGGCCATCCGTATAATATT-3") were labelled at the 3' end 
with 3.3 pmol [0~-32P]dATP (= 400 Ci/mmol) by terminal desoxynucleo- 
tidyl transferase (BRL) [39]. To provide asufficient amount of substrate 
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Conserved motifs in Rep proteins 
FLTY HLH DVKXYXXKD P-LOOP 
I ~ TYLCV CI 
YXXKD/E/N 
I [ > 
nl IV 
WDV CI-N 
WDV C1-C 
Fi;. 1. Four conserved motifs (I to IV, as of [33]) of geminivirus Rep 
pr~)teins are shown at their positions in the TYLCV and WDV Rep 
geaes, respectively. The functions of motif I and II are unknown, while 
m,,tif IV is part of a NTP-binding site essential for replication [23]. 
Motif III with the nicking tyrosine-103 differs in geminiviruses infecting 
dk otyledonous plants (DVKXYXXKD) from those infecting monocot- 
yk donous plants (YXXKD/E/N). The P-loop of WDV Rep is encoded 
bx ORF C1-C expressed from a mRNA spliced to CI-N [14,26]. 
T"~LCV ORF CI: 359 aa, 40kDa; WDV ORF CI-N: 265 aa, 30kDa; 
V~DV ORF C1-C: 149 aa, 17 kDa. 
fc," cleavage, 38 pmol abelled oligonucleotide TY 39/0 were mixed with 
2~ nmoles unlabelled oligo TY 39/1. 
2. ~. Formation of a covalent GST-Repwo3-AMP adduct 
The amino-terminal domain of Rep protein (amino acids 1-211; 23,8 
kl )a) was expressed in E. co/i as a fusion to gluthatione S-transferase 
(( rST; [40]) and designated GST-RepN24. Construction of the expres- 
si,m plasmid and purification of the fusion protein was as described 
[26,28]. 5.8 nmol GST-RepNz4 bound to 0.7 ml glutathione-beads were 
suspended in a final volume of 6 ml buffer A (25 mM Tris-HCl pH 7.5, 
75 mM NaC1, 2.5 mM MgC12, 2.5 mM MnC12, 2.5 mM DTT, 0.5 mM 
EDTA) containing the oligonucleotide cleavage substrate mix. The 
reaction was stopped after 25 min at 37°C by washing with 40 ml 
MTPBS [40]. The glutathione-beads were equilibrated with 50 mmol 
NH4HCO3 and the bound protein was digested with 20 ,ug trypsin 
(2 h, 37°C). The extent of digestion was monitored by Laemmli-type 
aT~d sequencing PAGE. Gels were stained, dried and exposed to X-ray 
films. After a second igestion (15 Itg trypsin, 37°C, overnight) he 
beads were pelleted, the supernatant lyophilized, resuspended in 100/11 
H :O/0.1% TFA and applied in two aliquots to a Ct8 reversed-phase 
c~ ,lumn (2.5 × 25 mm) equilibrated with H20/0.1% TFA. Peptides were 
elated over 120 min at 0.2 ml/min with a linear 0 70% gradient (A: 
I-t zO/0.1% TFA; B: 80% CH3CN/0.1% TFA). Peptides were detected by 
absorbance at214 nm, and fractions containing the radioactive peptide, 
[" P]dAM, adduct were identified and quantified by their radioactivity 
a~ter PAGE. The radio-labelled fractions (180 pmol) which eluted at 
3~% to 39% CH3CN were combined, re-digested with 6 ,ug trypsin in 
5tl/11 vol. and applied to a Ct8 reversed-phase column (2.5 × 25 mm) 
equilibrated with 10 mM triethylamonium acetate (pH 6.5) and eluted 
omr 90 min with a linear 0--70% gradient (A: 10 mM triethylamonium 
a,:etate (pH 6.5); B: 70% CH3CN/10 mM triethylamonium acetate (pH 
6 5). Now, the labelled sample (60 pmol) eluted at 29% CH3CN. 
30 pmoles of this fraction were subjected to automated sequence 
d,:termination by Edman degradation using a Knauer sequenator (type 
8 :.0) with online phenylthiohydantoin (PTH) amino acid detection 
(Knauer, Berlin, Germany). 
3 Results 
Replication initiation by virtue of a phosphodiester bond 
cieavage is the function of Rep protein to which it owes its 
name. The reaction is initiated by the nucleophilic attack of an 
amino acid, often a tyrosine, and the conservation f tyrosine- 
103 in the sequence of TYLCV Rep protein made this the prime 
candidate for being involved in the cleavage [33]. Therefore, 
tyrosine-103 of the TYLCV Rep protein was changed to phen- 
ylalanine and the behavior of the altered Rep protein was 
analyzed in vivo and in vitro. 
3.1, A TYLCV-C1 rI03F mutant does not replicate 
To assess the effect on replication i  vivo, a single cell based 
replication assay was conducted. DNA of TYLCV as well as 
of TYLCV-Clvl03F was transfected into protoplasts derived 
from N. tabacum BY2 suspension cells [36]. After six days, total 
DNA was extracted, fractionated on an agarose gel, and hy- 
bridized in a Southern blot experiment with a TYLCV specific 
probe (Fig. 2a). While wild-type TYLCV produced single- 
stranded DNA and the double-stranded supercoiled repIicative 
intermediate (Fig. 2a, lane 1; sc-DNA), replication of TYLCV- 
Repvl03F was not observed (Fig. 2a, lane 2), suggesting an 
essential role of tyrosine-103 for TYLCV replication. In a co- 
transfection experiment employing equimolar amounts of 
TYLCV DNA and TYLCV-Repvlo3v DNA viral replication 
was not inhibited (Fig. 2a, lane 3). 
3.2. RepylO3F has neither DNA cleavage nor nucleotidyl 
transfer aetivity 
The result of a DNA cleavage/joining assay with GST-Rep 
and GST-Repwc~3v is shown in Fig. 2b. Oligonucleotides TY11/ 
13 (24 nt) and TY39/1 (40 nt) were labelled at their respective 
5' ends (lane 1) and equimolar amounts were incubated with 
either GST-Rep (lane 2) or GST-Repw03 v(lane 3). Cleavage of 
TY11/13 yielded two products (11 nt and 13 nt) of which the 
one (11 nt) is visible due to its 5' label. 
The joining activity of Rep generates a 52 nt product which 
consists of the 5' labelled 39 nt of TY39/1 and the transferred 
13 nt of TY 11 / 13. The alteration of tyrosine- 103 into phenyla- 
lanine renders the protein inactive for both the cleavage and 
joining reaction (lane 3): neither the 1 l nt cleavage product of 
TYll/13 nor the 52 nt joining product are detectable. The 
presence of a 40 nt/39 nt double band and of the 24 nt/23 nt 
(lanes 2 and 3) is due to a co-purified exonuclease activity in 
this particular batch of proteins. The transfer of the single 3" 
terminal nucleotide of TY39/1 from Rep protein to the 3' accep- 
tor end of the labelled I 1 nt cleavage product occurs with very 
low efficiency, see also [26]. Hence, the corresponding 12 nt 
labelled joining product was not detectable. 
3.3. Repylosr is not linked to a 5' end of  DNA 
To assay whether also the linkage of Rep protein to the 5' 
end of cleavage site is impaired in the Repw03v, oligonucleotide 
TY11/12 was labelled at its 3' end. After a standard cleavage 
reaction with either GST-Rep or GST-Repw03F, an aliquot was 
heat-denatured and analyzed by Laemmli-type PAGE. The gel 
was silver-stained and dried (Fig. 3; lanes 1 and 2). In order to 
detect a potential residual linkage activity a higher amount of 
GST-Repw03 ~, (lane 2) in comparison to GST-Rep (lane 1) had 
been applied to the gel. The autoradiograph of the dried gel 
(lanes 1 and 2) is shown as lanes 3 and 4. Full size GST-Rep 
(67 kDa) became labelled ue to the covalent linkage to the 3' 
labelled TY11/12 cleavage product (lane 3). In addition, also 
GST-Rep degradation products (=40 kDa) formed protein- 
DNA adducts. These products are always observed ue to the 
instability of the fusion protein (see also [28] ). In contrast, no 
label was found to be linked to GST-Repyt03~ (lane 4), despite 
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Fig. 2. (a) Replication of TYLCV and TYLCV-Clw03F. Protoplasts derived from N. tabacum BY2 suspension culture cells were transfected with 
cloned wild-type TYLCV DNA (lane 1), DNA of TYLCV-Clwo3v (lane 2) or with both DNAs in simultaneously (lane 3). Six days post-transfection, 
total DNA was isolated, fractionated on an 1% agarose gel and hybridized with a TYLCV specific probe in a Southern type experiment. The forms 
of replicative TYLCV DNA (lane 1) are indicated: lin = linear double-strand, sc = supercoiled double-strand, and ss = single-strand. No indication 
of viral DNA replication was detected after transfection with DNA of mutant TYLCV-ClvI03 v (lane 2). Co-transfection f mutant viral DNA in 
conjugation with wild-type DNA did not inhibit DNA replication, b:in vitro DNA cleavage and joining of Rep and Repvl03V. For in vitro cleavage 
and joining, an equimolar mixture of 5' end-labelled oligonucleotides TY 19 (24 nt) and TY25 (40 nt) was incubated without protein (lane 1), with 
GST-Rep (lane 2) and GST-RepvI03F (lane 3). The reaction products were separated by a 12% PAGE. The gel which was dried and autoradiographed. 
The lengths indicated on the right are: 52 nt, recombinant joining product; 40 nt substrate TY25; 24 nt substrate TY19; 11 nt: cleavage product of 
TY19. 
of the larger amount of protein analyzed, visible in the silver- 
stain of lane 2. 
These results not only underline the general importance of 
tyrosine-103 for a functional Rep protein, but also strongly 
suggest that tyrosine-103 is required for and probably directly 
involved in the nicking reaction. 
3.4. Identification of the amino acid that l&ks Rep to DNA 
In order to rule out any indirect influence of tyrosine-103 on 
the reaction, for example by a distortion of Rep protein struc- 
ture, the covalent Rep-DNA adduct was isolated, and the 
amino acid residue linked to the DNA was identified by amino 
acid sequence determination. 
For this purpose, we used the amino-terminal domain of Rep 
(GST-RepN24) which had been shown earlier to cleave and 
ligate the origin of replication as efficiently as the full-size 
protein [26]. 5.8 nmoles of GST-RepN24 were bound to glutathi- 
one-agarose beads, and a cleavage reaction of 23 nmoles ub- 
strate oligonucleotide mix, containing 38 pmoles of oligonucle- 
otide TY39/0 labelled at its 3' end (see section 2for details) was 
performed with the bound protein. As a result of the reaction, 
a 32p-labelled dAMP moiety was transferred from the 3' end of 
the oligonucleotide to the active center of Rep. Subsequently, 
the protein was digested with trypsin, and the released peptides 
were separated on a C~s column by reversed-phase chromatog- 
raphy as described in section 2. 180 pmoles of labelled peptides 
were recovered, digested again with trypsin and separated by 
HPLC. Finally, 60 pmoles of a labelled peptide were recovered 
in a single fraction. 
About 30 pmoles were subjected to automated Edman amino 
acid sequence determination with online PTH analysis. The 
identified amino acid sequence of the pure peptide was S-IDK. 
The yield of the identified residues corresponded to the applied 
quantity of peptide. The S-IDK sequence, which occurs at a 
single position within TYLCV Rep protein, corresponds tothe 
sequence of a tryptic peptide comprising amino acids 102 to 106 
(SYm3IDK) with tyrosine-103 at the position where no PTH 
amino acid signal was obtained. In the cases of DNA-linked 
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67 kDa 
43 kDa 
Fi;. 3, The Y~03F mutation abolishes binding of Rep to the 5' nicksite. 
Oitgonucleotide TY11/12 was labelled at its 3' end and incubated with 
G',;T-Rep (lanes 1 and 3) and GST-RePvt03v (lanes 2 and 4). Subse- 
qt~ently, the cleavage reaction was lyophilized, resuspended in SDS 
loading buffer, boiled, and electrophoresed by 10% SDS-PAGE. The 
ge was silver-stained (lane 1 and 2), dried and autoradiographed (lane 
3. tnd 4). Although more GST-Repy103v than GST-Rep was loaded onto 
th: gel (compare lane 2 with lane 1) GST-Repw03F was not labelled (lane 
4) Lanes 1 and 2 - silver stained gel; lanes 3 and 4 = autoradiograph 
ol lane 1 and 2; M = size marker. 
p, oteins where the active amino acid moieties were determined, 
the respective nucleotidyl esters also resulted in a suppression 
o~ the PTH amino acid signal [31,41,42]. 
The fact that only a single tryptic peptide was labelled and 
that the sequence of this peptide corresponds to amino acids 
1~J2-106 of Rep, with no PTH signal at position 2, un- 
a~nbiguously identified tyrosine-103 as the site of covalent link- 
a!;e between Rep and the 5' end of the cleaved DNA. 
4, Discussion 
Covalent protein-DNA links of nucleotidyl-transferases ar  
oi"ten, but not exclusively, formed by tyrosyl-esters; also serine 
r~:sidues can serve as a link, as is the case for the resolvase of 
the transposon gamma delta [32]. We have identified tyrosine- 
1 13 of TYLC geminivirus Rep protein as the active amino acid 
irducing DNA cleavage and the link between the protein and 
tl~e origin DNA. Since the sequence around tyrosine-103 is 
c,mserved among all geminivirus Rep proteins [33], we predict 
t!sat all of them use the corresponding tyrosine to cleave the 
origin DNA and to form the covalent link to the DNA. 
Is tyrosine-103 of Rep the sole link? The mutated Repy~03F 
le ~otein did not form any covalent protein-DNA adduct, and 
o aly one labelled peptide-DNA complex could be isolated. This 
s~rongly favors the role of tyrosine-103 as the sole or predom- 
it~ant amino acid moiety to cleave the phosphodiester bond. It 
c m not be completely excluded, that in a subsequent second 
sep the DNA might be transferred from tyrosine-103 to an- 
ther amino acid. However, this would have to be a very tran- 
story liaison, otherwise we probably would have detected it, 
s milarly as it was found for the two active tyrosine residues of 
t ie ~X RepA protein [31]. 
It is obvious that during DNA replication the resolution of 
l~e covalent protein DNA link to release a single-stranded 
T ~olecule can not be mediated by a single tyrosine only; a 
s~cond catalytic enter in close proximity to the first one is 
required for the second nick of the newly synthesized origin 
I )NA and in order to resolve the tyrosine-103-DNA bond. This 
second active center can be either on the same polypeptide 
chain, as is the case for q~X RepA, or it may be the very same 
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active amino acid on a second polypeptide chain, implying that 
active Rep protein is at least a dimer. 
The question which amino acid mediates the second nucleo- 
philic attack bears importance not only in view of the quarter- 
nary structure of active Rep, it also defines whether during 
rolling circle replication active Rep protein stays continuously 
attached to the 5' end of the displaced strand, or whether it 
becomes released after completion of each replication round. 
Based upon tyrosine-103 being the sole identified DNA-link of 
Rep, two alternative mechanisms of resolution are possible. 
In a mechanism requiring two active tyrosines, individual 
subunits of a Rep protein oligomer would provide one tyrosine 
each. By a nucleophilic attack of one tyrosine to the origin 
sequence a nick is introduced and the liberated 3'-OH serves 
as primer for DNA synthesis, whereas the 5' end remains bound 
to Rep via the tyrosine. After one round of replication, the 
tyrosine of a second Rep subunit in the complex attacks the 
newly synthesized origin DNA and becomes itself linked to the 
thus created 5' end. Concomitantly, the generated Y-hydroxyl 
group serves as acceptor for the 5' end of the DNA previously 
linked to the first tyrosine. As a result, a circular single- 
stranded DNA molecule is released, and active Rep protein 
remains always linked to the DNA via alternating tyrosines. 
Rolling circle replication of CX174 follows this scheme [31]. 
A different way of resolution would involve additional amino 
acids and lead to the dissociation of the Rep protein from the 
DNA. As in the previous mechanism, Rep first becomes linked 
to the 5" end of the DNA at the cleavage site via a tyrosyl-ester. 
After one round of DNA synthesis, the release of a circular 
single-strand is mediated by the gamma carboxylate group of 
another amino acid. The newly synthesized origin sequence is 
cleaved in a nuclease type reaction, and the 5' end, previously 
linked to the tyrosine, is transferred to the newly created Y-OH 
end. In this case, Rep protein does not remain fixed to the new 
5' end but becomes released from the replicative intermediate. 
As a result, after each round of replication, Rep has to reinitiate 
via its active tyrosine. This type of a discontinuous replication 
mode was recently proposed for plasmid pC194 (see [43], to 
which the reader is referred for further details). 
In the two alternatives, a rather different mechanism resolves 
the replicative intermediates and releases a circular single- 
strand: in the first, the tyrosine itself is the resolving nucleophil, 
in the second, the tyrosine and other amino acids direct the 
nucleophil, a water molecule. In both cases, however, the cata- 
lytic amino acids have the same backbone spacing (~X: 
YVAKY; pC194: EMAKY), a distance that is equally con- 
served between the tyrosine and the amino acid providing the 
gamma carboxylate in the exo III motif (YXXXD) of many 
polymerases. The critical importance of such a motif for the 
3' 5' exonuclease activity has been shown in detail for 029 
DNA polymerase [44] and E. coli DNA polymerasel [45]. A 
close contact, i.e. hydrogen bonding of the tyrosine to the 
phosphodiester to be cleaved, was shown by the crystal struc- 
ture of the Klenow fragment of polymerase I complexed with 
single-stranded DNA [46]. 
Also in geminivirus Rep proteins, the same backbone spacing 
of critical amino acids is conserved (DVKXYXXKD or 
YXXKD/E/N) which may suggest hat in a metal assisted hy- 
drolysis they may coordinate the divalent cation required for 
cleavage by both TYLCV and WDV Rep protein [26,28], and 
to correctly position the scissile phosphodiester bond [47]. 
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Alternatively, D77 and E~ ~2 might be the other active site amino 
acids, since they represent a 'D35E motif' that executes the 
metal ion-dependent polynucleotidyl transferase reactions of 
HIV integrase [48] and bacterial transposases [49]. A strikingly 
similar structural organization of the catalytic centers of 
bacteriophage Mu A transposase and the HIV integrase do- 
main has recently been detected [50]. Interestingly, residues D77 
and Em representing the D35E motif are also conserved in the 
Rep proteins of mono- and bipartite geminiviruses. Hence, the 
three-dimensional structure of the active center of Rep, sup- 
ported by exhaustive mutagenesis data, shall ultimately clarify 
further details of the mechanism. In any case, its first step, the 
nucleophilic attack linking Rep protein to the 5' end of the 
cleaved origin DNA is unequivocally shown to be mediated by 
tyrosine-103 of TYLCV Rep or its equivalent yrosine in the 
Rep proteins of the other geminiviruses. 
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